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ABSTRACT The immunocytochemical localization of cellular retinol-binding protein (CRBP),
of plasma retinol-binding protein (RBP), and of plasma transthyretin (TTR) was studied in rat
liver and kidney . The studies employed normal rats, retinol-deficient rats, and rats fed excess
retinol . Antisera were prepared in rabbits against purified rat CRBP, RBP, and TTR . The primary
antibodies and goat anti-rabbit IgG were purified by immunosorbent affinity chromatography,
using the respective pure antigen coupled to Sepharose as the immunosorbent . This procedure
effectively removed cross-reactive and heterophile antibodies, which permitted the specific
staining and localization of each antigen by the unlabeled peroxidase-antiperoxidase method .
CRBP was found to be localized in two cell types in the liver, the parenchymal cells and the
fat-storing cells . Diffuse cytoplasmic staining for CRBP was seen in all the parenchymal cells .
Much more intense staining for CRBP was seen in the fat-storing cells . The prominence of the
CRBP-positive fat-storing cells changed markedly with vitamin A status . Thus, these cells were
most prominent, and appeared most numerous, in liver from rats fed excess retinol . Both RBP
and TTR were localized within liver parenchymal cells . The intensity of RBP staining increased
markedly in retinol-deficient rat liver, consistent with previous biochemical observations . With
the methods employed, specific staining for RBP or TTR was not seen in cells other than the
parenchymal cells . In the kidney, all three proteins (CRBP, RBP, and TTR) were localized in
the proximal convoluted tubules of the renal cortex . Staining for RBP was much more intense
in normal kidney than in kidney from retinol-deficient rats . These findings reflect the fact that
RBP in the tubules represents filtered and reabsorbed RBP . The pattern of specific staining for
CRBP among the various tubules was very similar to that seen for RBP on adjacent, serial
sections of kidney . The function of CRBP in the kidney is not known .
It is now well established that specific binding proteins for
retinol exist in plasma and in the intracellular compartment
in a number of tissues. These proteins play important roles in
the metabolism of vitamin A . Thus, retinol-binding protein
(RBP)`, the specific plasma transport protein for vitamin A,
transports retinol from its storage site in the liver to peripheral
target tissues in the body. A different protein, cellular retinol-
binding protein(CRBP) is found within cells in many tissues.
Since the initial isolation of human RBP in 1968 (1),
'Abbreviations used in thispaperare : CRBP, cellular retinol-binding
protein ; RBP, retinol-binding protein ; TTR, transthyretin .
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extensive studies in many laboratories have provided consid-
erable information about the structure, metabolism, and bi-
ological roles ofRBP (see references 2-4 for recent reviews) .
RBP, with a molecular weight close to 21,000 and one binding
site for retinol, is synthesized in (5) and secreted by the liver .
RBP in plasma strongly interacts with anotherprotein, plasma
transthyretin (TTR, also more commonly referred to as
plasma prealbumin 2 ), and normally circulates as a 1 :l molar
Z The name transthyretin has been suggested by the Nomenclature
Committee of IUB and the IUPAC-lUB Joint Commission on Bio-
chemical Nomenclature for the protein commonly called prealbumin
(J. Biol. Chem ., 1981, 256:12-14).
THE JOURNAL OF CELL BIOLOGY " VOLUME 98 MAY 1984 1696-1704
0 The Rockefeller University Press - 0021-9525/84/05/1696/09 $1 .00RBP-TTR complex (1-4) . In addition to its role in vitamin
A transport, TTR plays a role in the binding and plasma
transport of thyroid hormones . RBP is mainly catabolized in
the kidneys (6, 7) .
Vitamin A mobilization from liver is highly regulated by
factors that control the rates of hepatic RBP synthesis and
secretion . Retinol deficiency specifically blocks the secretion
ofRBP, which can then be rapidly stimulated by intravenous
retinol repletion (2, 3, 8) . Some information is available about
the cellular and molecular mechanisms that mediate these
phenomena .
A number of tissues of rats, humans, and other species
contain a soluble intracellular protein with binding specificity
for retinol, CRBP (see references 9 to 11 for recent reviews) .
CRBP from several tissue sources is a single polypeptide chain
with a molecular weight of- 14,600, and a single binding site
for one molecule of retinol . CRBP differs in a number of
major ways from plasma RBP. It has been suggested that
CRBP may play a direct role in the biological expression of
retinol activity within the cell (10-12) .
Radioimmunoassay studies have provided information
about the tissue distribution and levels in the rat ofRBP (13),
TTR (14), and ofCRBP (15, 16) . The highest levels ofRBP
were found (in addition to plasma) in the liver and kidneys .
High levels ofCRBP were observed in several organs, includ-
ing the liver, kidney, testis, and epididymis . In addition,
information about the subcellular distribution of RBP (13),
TTR (14), and CRBP (15) among homogenate fractions
separated by differential centrifugation, has been reported .
The organs that contain the highest levels of RBP and
CRBP consist of several different types of cells, organized
anatomically and functionally in specific ways within each
organ . Accordingly, information is needed about the distri-
bution and localization of these binding proteins for retinol
within and among the different types of cells that comprise
each organ . Some information is available, from immunocy-
tochemical studies, about the localization of RBP within rat
liver (17), and about the localization ofhumanRBP andTTR
within human kidney (18, 19). No information is available
about the cellular localization ofCRBP within these organs.
We now report studies on the immunocytochemical local-
ization of CRBP, RBP, and TTR in rat liver and kidney.
These studies employed purified primary antibodies against
each protein, and examined organs from normal rats, from
retinol-deficient rats, and from rats fed excess retinol . These
studies aim to extend our understanding of the metabolism
and ofthe functional roles of the plasma and the intracellular
binding proteins for retinol.
MATERIALS AND METHODS
Purification of Antigens (RBP, TTR, and CRBP) :
￿
A modifica-
tion ofthe procedure described by McGuire and Chytil (20) was employed for
the isolation of RBP and TTR from rat serum . Purification involved a series
offractionation procedures as follows: (a) DEAE-cellulose chromatography in
20mM Imidazole-acetate buffer pH 6.0 with a linear gradient of NaCl from 0
to 90 mM ; (b) gel filtration on Sephadex G-100 (Pharmacia, Inc ., Piscataway,
NJ)in 50mM Tris-HCI bufferpH 8 .4 ; and (c) gel filtration on a second column
of Sephadex G-100 in 25 mM Tris-HCI buffer containing 3 .0 M urea. An
additional gel filtration step on a column ofSephadex G-100 equilibrated with
2 mM Tris-HCl buffer, pH 8 .4, was required to obtain pure TTR . The yields
of purified RBP and TTR from 1 .8 liters ofrat serum were 21 .6 and 48.0 mg,
respectively.
CRBP was isolated from rat testes by procedures similar to those described
previously from this laboratory (21, 22), with modifications as describedbelow .
The cellular retinoic acid-binding protein (CRBP) was isolated concurrently .
As the first step, an acetone powder was prepared by homogenizing 1,000
freeze-dried rat testes in a Waring blender with 3 liters ice cold acetone . The
dried powder (244 g) was homogenized with 2 .4 liters of 10 mM TES buffer
pH 7 .5 containing 2 mM EDTA, 0.002% NaN,, and 12 mM monothioglycerol.
A soluble acetone powder extract was obtained by ultracentrifugation (105,000
g for 90 min) of this homogenate. Unlabeled all-trans retinol, and all-trans-
[ 15' °C]retinoic acid (10 t<Ci/,umol; generously provided by Dr. W. E . Scott of
Hoffmann-LaRoche, Inc., Nutley, NJ) were added to final concentrations of 1
nmol/ml each, as described previously (21) . The resulting solution was sub-
jected to a seriesofpurification procedures (21, 22), including (a) ion exchange
chromatography on DEAE-Sepharose ; (b) gel filtration on Sephadex G-50 ; and
(c) chromatography on a column of DEAE-cellulose . CRBP and CRBP are
not separated from each otherduringtheseprocedures. The fractionscontaining
CRBPandCRBP after the third chromatographic step were pooled, dialyzed
against 25 mM Na acetate buffer pH 4 .9, and then applied to a column ofSP-
Sephadex (Pharmacia, Inc.) previously equilibrated withthe same buffer. CRBP
and CRBP were eluted and were fully separated from each other with a 500-
ml linear gradient, from 25 to 200 mM, ofNa acetate buffer pH 4 .9. Purified
CRBP and CRBP were both homogeneous on disc gel electrophoresis, when
analyzed as previously described (21, 22).
Preparation of Antibodies :
￿
Rabbit antisera against rat RBP and
against rat TTR were obtained by immunizing rabbits with purified RBP or
TTR, respectively, using the techniques described previously from this labora-
tory (23, 24).
To prepare a rabbit antiserum against rat CRBP, samples ofpurified CRBP
were treated in several different ways before injection into rabbits . The CRBP
preparations were as follows: (a) unmodified CRBP (1 mg in 2 ml isotonic
NaCI); (b) delipidated (apo) CRBP; (c) performic acid oxidized CRBP; and (d)
CRBP conjugated to rabbit IgG . Preparation (b) was made by extracting CRBP
(1 mg in 2 ml water) with n-heptane (2 ml) for 30 min with a Vortex mixer.
After centrifugation (3,000 g for 30 min) the heptane phase was removed by
aspiration.
Portions of each of these four CRBP preparations equivalent to 500 tag
CRBP were emulsified with equal volumes of complete Freund's adjuvant
(Difco Laboratories, Detroit, MI) and were injected subcutaneously in multiple
spots in the backs ofmale New Zealand rabbits. A different rabbitwas used for
each CRBP preparation . Each rabbit received booster injections intramuscu-
larly of 250 tag of the same CRBP preparation (with which it was initially
immunized)emulsified with an equal volume of incomplete Freund's adjuvant
1 and 2 mo afterthe initial immunization . Sera (representing potential antisera
against CRBP) were collected 1 wk after the second booster injection.
Goat antiserum against rabbit immunoglobulins was purchased from Bio-
Rad Laboratories, Richmond, CA . Rabbit IgG and rat IgG were purified from
normal rabbit and rat serum by affinity chromatography on Protein A-Sepha-
rose Cl-4B (Pharmacia, Inc.) .
Purified monospecific antibodies against CRBP, RBP, TTR, and rabbit IgG
were obtained by immunosorbent affinity chromatography ofthe IgG fractions
prepared from the specific antisera against each of these proteins. The IgG
fractions were obtained from the respective antisera by ammonium sulfate
precipitation followed by DEAE-cellulose column chromatography (17) . Im-
munosorbent affinity chromatography, for antibody purification, was carried
out as described previously (18) . In each case, the specific immunosorbent was
prepared by coupling the antigen (CRBP, RBP, TTR, or rabbit IgG) with
Sepharose 4B (Pharmacia, Inc .) . The corresponding IgG fraction was then
applied to the affinity column, and proteins other than the specific antibodies
were eluted with phosphate buffered saline (PBS). The purified specific anti-
bodies were then eluted by 0 .1 M glycine-HCI buffer pH 2.3 containing 0.15
M NaCl . The antibody concentration was estimated by absorbance at 280 nm.
In addition, cross-reactive antibodies against rat IgG were removed from the
purified goat anti-rabbit IgG by immunosorbent affinity chromatography on
rat IgG coupled to Sepharose 4B. The purified goat anti-rabbit IgG antibody is
subsequently referred to as the bridge antibody .
Antibody Characterization :
￿
Immunosorbent purified rabbit anti-
rat RBP, rabbit anti-rat TTR, and goat anti-rabbit IgG antibodies were exam-
ined by double immunodiffusion (25). The titers of the rabbit anti-CRBP
antisera were determined by enzyme-linked immunosorbent assay (ELISA)
before immunosorbentpurification. These assays used 96-well microtiterplates.
200 to of50mM Na barbital buffer pH 9.5 containing 50 ng CRBP was added
to each well and incubated 18 h at room temperature . The plate was washed
three times with PBS containing 0.05% Tween 20(PBS-Tween). The wellswere
sequentially incubated with 200 tul of each ofthe following solutions at room
temperature, and were washed with PBS-Tween after each incubation : (a) 10%
normal goat serum in PBS-Tween for 30 min ; (b) one or another dilution (see
below) of rabbit anti-CRBP antiserum in PBS-Tween for 120 min; (c) bridge
antibody (25 kg/ml in PBS-Tween) for 60 min ; and (d) peroxidase-rabbit
antiperoxidase (PAP) complex (purchased from Accurate Chemical and Sci-
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1697entific Corp ., Westbury, NY), diluted 100-fold in PBS-Tween, for 60 min. For
eachanti-CRBP antiserum a set of serial two-fold dilutions was tested, so as to
examine a wide range ofdilutions in a given assay . The wells were then each
incubatedwith 200 pl ofasolutionof0.05% o-diaminobenzene dihydrochloride
in citrate-phosphate buffer (77 mM citric acid, 126 mM Na phosphate dibasic,
pH 6 .0) containing 0.005% H202 for 60 min . Theabsorbanceat 488 nm ofthe
wellswas then measured with anautomated verticalbeam reader(Artek System
Corp ., Farmingdale, NY).
The specificity of the immunosorbent purified rabbit anti-CRBP was also
assessed by enzyme-linked immunosorbent assay . Samples of rat CRBP,
CRABP, RBP, and liver Z-protein (kindly provided by Dr. I . Arias, Albert
Einstein College of Medicine, NY) of 50 ng each were coated in a series of
wells on a plate . The titers ofthe purified rabbit anti-CRBP antibody solution
against each ofthese antigens were determined by the peroxidase-rabbit anti-
peroxidase method as described above .
Preparation of Tissues :
￿
Male weanling rats of the Holtzman strain
were divided into three groups of four rats each . The first group was fed a
purified vitamin A deficient diet (14) for a period of 55 d . The second and
third groups were fed the same diet supplemented with 2 .4 Ag of retinol
equivalents in the form of retinyl ester per gram of diet for the 55-d period.
From day 47 to day 52 the rats in the third group were also given 20 mg retinyl
ester(in peanut oil) per kilogram body weight daily by oral administration. On
day 55 all rats were anesthetized with ethyl ether. Blood was removed from the
animals, and the organs were fixed, by perfusion ofthe whole animal through
the left ventricle (with exit through the right atrium) with an ice cold solution
of HEPES buffered saline (10 mM HEPES buffer pH 7.4, 122 mM NaCl, 6 .6
mM KCI, 1 .2 mM CaC12) for 5 min, followed by ice cold Perfix (Fisher
Scientific Co., Springfield, NH) for 15 min . Perfusion was performed at a
constant flow rate of 20 ml/min. The livers and kidneys were then removed
from the animal and cut into 2-mm thick slices, and fixation was continued
for 2 h at 4°C. The fixed tissue slices were washed with 95% ethanol three times
(8 h each time at 4°C) and embedded in paraffin. Serial sections 4-5-,um thick
were mounted on glass slides.
The plasma vitamin A levels in the three groups of rats, as determined by
the method ofThompson et al . (26) were (a) deficient rats (fed the unsupple-
mented deficient diet), 1 .9 ± 0 .7 pg/dl (mean ± SD, n = 4); (b) normal rats
(fed the diet supplemented with 2.4 ug/g diet), 56 .2 ± 6.1 pg/dl; (c) rats fed
excess vitamin A, 67 .3 ± 6.1 ug/dI .
Immunocytochemical Staining : The unlabeled peroxidase-anti-
peroxidase method ofStemberger et al. (27) was used as described previously
(18) . The following incubations were performed with deparafiinized sections of
tissue: (a) 0.3% H202 in absolute methanol for 20 min ; (b) PBS containing
10% normal goat serum for 30 min ; (c) purified specific antibody (anti-RBP,
anti-TTR, or anti-CRBP), 25 Ag/ml in PBS, for 120 min ; (d) bridge antibody
(200rag/ml in PBS) for60min; and (e)peroxidase-rabbit antiperoxidase (diluted
40-fold in PBS) for 60 min . The sections were washed with PBS three times
aftereach incubation. The sections werethen rinsed in 50mM Tris-HCI buffer
pH 7 .6, and stained for 3-5 min with a solution of 0.02% 3,3'-diaminobenzi-
dine tetrahydrochloride (Sigma Chemical Co., St. Louis, MO) in 50mM Tris-
HCl buffer pH 7 .6, containing 0.003% H202 . The tissues were counterstained
with diluted (4 x) hematoxylin solution, Gill's formulation # I (Fisher Scientific
Co.) in 25% (vol/vol) ethylene glycol. Under those conditions, background
peroxidase staining and endogenous peroxidase activity were not observed.
Immunocytochemical Controls :
￿
The specificity of each of the
purified antibody preparationswas tested immunocytochemicafy by absorbing
small portions of each antibody solution with each of the purified antigens
(CRBP, RBP, TTR) coupled to Sepharose 4B. In each instance, the immuno-
sorbent (20 wl at 2-4 mg protein per ml) was added to the antibody solution (1
ml, 25 ug/ml, in PBS), followed by incubation with rotation for 18 h at 4°C.
After centrifugation the absorbed antibody solutions were used for immuno-
cytochemical staining as described above . The results obtained with the ab-
sorbed antibody solutions were compared with those obtained with the unab-
sorbed solutions. The specificity of the reaction was also examined by substi-
tution of PBS and normal rabbit IgG (25 ;tg/ml) for the immunosorbent
purified antibodies in the staining procedure . Additional controls that were
carried out involved the omission of the bridge antibody, peroxidase-rabbit
antiperoxidase, or the final substrate for the peroxidase reaction .
RESULTS
Isolation of CRBP
CRBP was purified by the sequence of procedures described
in Materials and Methods. Fig . 1 shows the results ofthe final
purification procedure, chromatography on a column of SP-
Sephadex. This procedure resulted in the complete separation
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FIGURE 1
￿
Isolation of CRBP and ofCRABP by chromatography on
SP-Sephadex . The pooled fractions containing CRBP and CRABP,
obtained after chromatography on DEAE-cellulose (see Materials
and Methods section), were applied to a column (1 x 40 cm) of SP-
Sephadex . The column was eluted with a linear gradient, from 25
to 200 mM, of Na acetate buffer pH 4.9 (fractions 1 through 125) .
Fractions of 4 ml each were collected at a flow rate of 12 ml/h .
Beyond fraction 125, elution was carried out with 500 mM Na
acetate pH 4.9 . Fractions 72-85 were pooled and contained pure
CRBP ; fractions 96-110 were pooled to yield pure CRABP . O,
conductivity (mS) ; O, absorbance at 280nm A280 ; A, relative intensity
of fluorescence (of protein-bound retinol) (RIF) ; O, ` °C cpm (rep-
resenting CRABP-bound [' °C] retinoic acid) (CPM) per 50 pl . The
small peak of fluorescence seen in fractions 96-110 represents the
fluorescence of protein-bound retinoic acid .
ofCRBP from CRABP, and in the isolation of each of these
proteins as purified homogeneous entities . The overall puri-
fication procedure resulted in an excellent yield of purified
CRBP (8.8 mg) and CRABP (5.1 mg) from 1,000 rat testes .
These yields were substantially higher than those previously
obtained in our (21, 22) or in other (28) laboratories. We
believe that the higher yields resulted from the use of acetone
powder of whole testes as the starting material for the frac-
tionation procedures, and from the final purification step
(Fig. 1) which achieves complete separation of CRBP and
CRABP with good recovery of both binding proteins.
Rabbits were immunized with four different preparations
ofCRBP (see Materials and Methods) . The resulting sera were
examined by the enzyme-linked immunosorbent assay tech-
nique to estimate their anti-CRBP antibody titers . The results
are shown in Fig . 2 . The highest antibody titer was obtained
from the rabbit immunized with delipidated CRBP. No anti-
CRBP antibody activity was detected in the serum from the
rabbit immunized with unmodifiedCRBP .
The specific antibody against CRBP was purified by im-
munosorbent affinity chromatography from the antiserum
raised against delipidated CRBP . The specificity of this puri-
fied antibody preparation was then assessed by determining
whether it would react against several related antigens . CRBP
has been reported to show some homology with bothCRABP
and with Z-protein (29, 30). By the ELISA method, the
purified anti-CRBP antibodies reacted only with CRBP, and
not at all with CRABP, Z-protein, or RBP (data not shown).
Immunosorbent purified rabbit anti-rat RBP and anti-rat
TTR antibodies each gave a single precipitin line when tested
against either the purified antigen (RBP orTTR, respectively)3 10 30 100 300
RABBIT SERA I nl/WELL 1
FIGURE 2
￿
Studies of the titers of the rabbit anti-CRBP antisera, as
determined by enzyme-linked immunosorbent assay . Positive as-
says were quantitated by absorbance at 488 nm (see Materials and
Methods) . Serial twofold dilutions of rabbit antisera against CRBP
were reacted with microplate wells precoated with CRBP (50 ng/
well) . The sera tested were from rabbits immunized with the follow-
ing CRBP preparations : delipidated CRBP (0); performic acid oxi-
dized CRBP (p) ; CRBP conjugated to rabbit IgG (A); unmodified
CRBP (A) . The results obtained with serum from a nonimmunized
rabbit (El) are also shown .
or against rat whole serum by immunodiffusion . The lines
obtained against the purified antigen and whole serum showed
a reaction-of-identity with each other.
The bridge antibody showed a single precipitin line when
tested by immunodiffusion against purified rabbit IgG or
against rabbit whole serum, and the lines obtained in these
tests showed a reaction-of-identity with each other .
The specificity of the purified antibodies was also demon-
strated immunocytochemically by absorbing each antibody
preparation with each of the following antigens : CRBP, RBP,
and TTR (see Materials and Methods) . The absorbed and
unabsorbed antibody preparations were then compared, with
regard to intensity of specific immunohistochemical staining,
with sections of normal liver and kidney. In every instance,
for each ofthe three antibodies, the specific staining associated
with a given antibody disappeared completely after absorption
with the particular antigen against which the antiserum had
been raised (data not shown). The staining was not affected
by absorption with the other antigens.
No specific peroxidase staining was observed after omission
of the primary antibody from the staining procedure, after its
replacement with PBS, or when one or another major com-
ponent (see Materials and Methods) was omitted from the
staining procedure . Weak and diffuse staining was observed
when the primary antibodies were replaced with normal rabbit
IgG (25 kg/ml), as reported previously (18). This observation
suggests that our method may be sensitive enough to detect
rabbit heterophile antibodies, and illustrates that the purifi-
cation of the primary antibodies is important for removing
nonspecific antibodies, which was necessary for the successful
progress of this work .
Localization of Immunoreactive CRBP in Liver
Specific immune staining for CRBP was seen in two cell
types in the liver, the parenchymal cells and the fat-storing
cells. Fat-storing cells have been considered to play a signifi-
cant role in vitamin A storage in the liver (31) . In normal rat
liver (Fig 3,A and D) diffuse cytoplasmic staining for CRBP
of low intensity was seen in all the parenchymal cells. Much
more intense staining for CRBP was, however, seen in the
fat-storing cells . These strongly positive cells were identified
as fat-storing cells for the following reasons: (a) perisinusoidal
location ; (b) anatomical size and irregular shape (hence, re-
ferred to as perisinusoidal stellate cells [311); (c) the presence
of small vacuoles that presumably represent the lipid droplets
orgranules characteristically seen in fat-storing cells (Fig . 3D),
arrows) . These strongly positive cells were less dense in the
central zone of the lobule than in the peripheral area (Fig .
3A) .
The immunocytochemistry ofCRBP was examined in liv-
ers from vitamin A deficient rats (Fig. 3,B and E) and from
rats fed excess vitamin A (Fig . 3,C and F), and compared
with the results obtained with normal liver. Similar staining,
ofweak intensity, was seen in parenchymal cells oflivers from
normal, vitamin A deficient, or vitamin A excess-fed rats. In
contrast, distinct differences were seen in the fat-storing cells .
Thus, fat-storing cells strongly positive for CRBP appeared
most prominent in liver from rats fed excess vitamin A (Fig.
3C . In contrast, these strongly positive cells were less prom-
inent, and appeared less numerous, than normal in livers
from vitamin A deficient rats (Fig . 3B) . The vacuoles within
the cytoplasm of the strongly positive fat-storing cells were
most numerous in rats fed excess vitamin A (Fig. 3 F, arrow) .
The number of vacuoles (and the volume of the cytoplasm)
was markedly decreased in the strongly positive cells from
vitamin A deficient rats (Fig. 3E) . These observations help
establish the identity of these cells as fat-storing cells, since it
is well known that the number and size of the lipid droplets
in the fat-storing cells increase considerably after large doses
of vitamin A (31, 32) .
Localization of Immunoreactive RBP and
TTR in Liver
Specific cytoplasmic staining for RBP was observed in all
parenchymal cells . The intensity of staining was mild in
normal liver (Fig. 4A) and was much more strong in liver
from vitamin A deficient rats (Fig . 4B) . These observations
are consistent with the known fact that vitamin A deficiency
leads to a marked increase in the level of RBP in liver as
measured by radioimmunoassay (3, 8, 13) . No differences
were observed between livers from normal rats or from rats
fed excess vitamin A with regard to the intensity or distribu-
tion ofRBP positive staining (data not shown) .
Positive staining for TTR was also seen in parenchymal
cells (Fig . 4C) . No significant differences were observed in
the staining for TTR in the liver sections from normal,
vitamin A deficient, or excess vitamin A-fed rats (data not
shown) . With the staining methods used for RBP and TTR
in this study, only parenchymal cells could be distinguished
(from other cell types in the lobule) as showing clearlypositive
specific immune staining for each protein . The possibility that
some nonparenchymal cells might have been weakly stained
forRBP and/orTTR could not be excluded; with the methods
employed, however, such cells could not be clearly identified
as showing positive staining .
Localization of Immunoreactive CUP, RBP, and
TTR in the Kidney
Fig . 5 shows sequential sections of normal rat kidney that
were stained by anti-CRBP (Fig . 5A), anti-RBP (Fig. 5B), and






Localization of immunoreactive CRBP in rat liver . A and D, liver from a normal animal ; B and E, liver from a vitamin A
deficient rat ; C and F, liver from a rat fed excess vitamin A . Note the light staining of parenchymal cells and the intense staining
of the fat-storing cells in all micrographs. Fat-storing cells strongly positive for CRBP were most prominent, and appeared most
numerous, in livers from rats fed excess vitamin A . The short-stemmed arrows in D and the long-stemmed arrow in F point to
vacuoles in the rat storing cells that presumably represent the lipid droplets characteristically seen in these cells . The short-
stemmed arrows in F point to vacuoles that are surrounded by a ring strongly stained for CRBP . These vacuoles are presumed to
represent vacuoles within processes of fat-storing cells surrounded by a ring of cytoplasm . Bar, 200gm . x 60 (A-C) . Bar, 10 jAm .
x 1,300 (D-F)
anti-TTR (Fig . 5 C), respectively. Fig. 5, D-Fare the higher
magnification micrographs of portions of the cortex of Fig.
5,A-C, respectively. CRBP was mainly localized in the renal
cortex ; very weak staining was also detected in the proximal
straight tubules of the upper portion of the medulla (see Fig .
5A). In the cortex, staining for CRBP was found in the cells
of the proximal convoluted tubules (Fig . 5D) . Extremely
strong staining for RBP was also observed in the proximal
convoluted tubular cells of the cortex (Fig . 5,B and E); RBP
was not found in the medulla (lower portion ofFig . 5B) . TTR
was also only localized in the proximal convoluted tubular
cells of the renal cortex (Fig. 5,C and F).
When Fig. 5,D-F(which represent adjacent serial sections)
were compared with each other, it was noted that the relative
intensity and distribution of positive staining for CRBP (Fig .
700
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5 D) and for RBP (Fig. 5E) were very similar to each other
among the different tubules that comprised the two adjacent
sections . Thus, although the staining in Fig . 5E is stronger
than that in Fig. 5D, the pattern of stainingamong the various
tubules is similar in the two sections . In contrast, some tubular
cells were negative for TTR staining (arrows in Fig . 5T),
whereas the corresponding tubules were positive forRBP (Fig .
5E) and for CRBP (Fig . 5D) . Specifically, all of the early,
initial portions of tubules (adjacent to the corresponding
glomeruli) were negative for TTR staining (larger arrows in
Fig . 5T), but were positive for RBP (Fig. 5E) and for CRBP
(Fig . 5D) . In addition, the intensity of staining for TTR was
less than that for RBP .
Sequential sections of kidney from a vitamin A deficient
rat were also stained with antibodies against CRBP (Fig. 6A),FIGURE 4
￿
Localization of immunoreactive RBP and TTR in rat liver. A and B, localization of RBP in normal liver (A) and in liver
from a vitamin A deficient rat (B) . C, localization of TTR in normal liver . Cytoplasmic staining of parenchymal cells was seen in all
sections . Note the extremely strong staining for RBP in liver from a vitamin A deficient rat (B), and the much less intense staining
seen in the normal liver (A) . The apparent nuclear staining seen here entirely represents nuclei stained with the hematoxylin
counterstain . Bar, 100pm . x 150 .
RBP (Fig . 6B), andTTR (Fig . 6C) . Somewhat weaker staining
for CRBP was observed in the proximal convoluted tubules
of the vitamin A deficient rat (Fig. 6A) as compared with the
normal animal (Fig . 5 D). Specific staining for RBP was
markedlydecreased in the vitamin A deficient rat kidney (Fig.
6B), compared with the normal kidney (Fig. 5 E) . Moreover,
staining for RBP was particularly localized in the apical
portions ofthe tubular cells (Fig . 6B) . The intensity ofstaining
forTTR in vitaminA deficiency (Fig. 6C) was similar to that
seen in the normal kidney (Fig . 5T) . As observed with the
normal kidney, staining for TTR was not observed in the
early (initial) portion of the proximal convoluted tubules
(arrow in Fig. 6C) . Both RBP (Fig. 6 B) and CRBP (Fig . 6A)
were identified in the corresponding early portions of the
tubules on adjacent sections .
DISCUSSION
These studies provide detailed information on the immuno-
cytochemical localization of CRBP, of RBP, and of TTR
within different types of cells in the liver and the kidney of
the rat. A critical methodological feature ofthis work was the
use ofprimary and bridge antibodies purified by immunosor-
bent affinity chromatography to avoid background and non-
specific staining. As discussed previously (18), this purification
procedure effectively removed cross-reactive and heterophile
antibodies, permitting the specific staining and localization of
each antigen by the unlabeled PAP method.
The liver plays a central role in the uptake, storage, and
mobilization ofvitaminA in the body. VitaminA is mobilized
from the liver as retinol bound to RBP . Secretion of RBP
from the liver is strongly influenced by the nutritional vitamin
A status of the animal. In addition to studies in vivo, the
synthesis and secretion of RBP, and the regulation of RBP
secretion by retinol, have also been observed with isolated
differentiated rat hepatoma cells in culture in vitro (33) .
TTR, like RBP, is also synthesized in and secreted into the
plasma by the liver . The hepatic secretion of TTR and of
RBP appear to be independently regulated processes (14) .
The results reported here on RBP and TTR confirm and
extend previous studies (17) on the localization ofRBP in rat
liver by immunofluorescence microscopy . In both the present
and previous (17) studies, specific localization of RBP was
observed within liver parenchymal cells. A marked increase
in the intensity of specific staining for RBP was observed here
in vitamin A deficient liver . TTR was also found to be
localized in the parenchymal cells, and the intensity of stain-
ing forTTR did not change with vitaminA deficiency . These
immunocytochemical findings are consistent with previous
biochemical observations (2, 8, 13, 14) . With the methods
used, only parenchymal cells could be clearly identified as
showing specific immune staining for both RBP and TTR . It
is likely that both RBP and TTR are synthesized in the
parenchymal cells, and secreted by these cells into the plasma .
Very different results were obtained with CRBP . CRBP was
found to be localized in two cell types in the liver, the
parenchymal cellsand the fat-storing cells. Moreover, whereas
relatively weak staining for CRBP was seen in the parenchy-
mal cells, the fat-storing cells displayed strongly intense stain-
ing for CRBP. The prominence of the CRBP-positive fat-
storing cells changed markedly with vitamin A status . Thus,
these cells were most prominent, and appeared most numer-
ous, in liver from rats fed excess vitamin A . Conversely, these
cells were least prominent, and appeared least numerous, in
liver from vitamin A deficient rats. The intensity of the
specific staining for CRBP in the parenchymal cells did not
change with vitamin A status .
There is much evidence that the hepatic fat-storing cells
play a major role in vitamin A storage under hypervitaminotic
conditions. These cells comprise a small proportion of the
nonparenchymal cells of the liver, and have been referred to
in the literature by various names, including perisinusoidal
stellate cells (31), lipocytes (34), vitamin A-storing cells (35),
and Ito cells (36) (see reference 32 for an extensive review) .
Fat-storing cells are located in the perisinusoidal space and
KATO ET AL .
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Localization of immunoreactive CRBP, RBP, and TTR in rat kidney . A and D, CRBP ; B and E, RBP ; C and F, TTR . A, B,
and C represent adjacent sequential sections (A to B to C) of normal kidney ; D, E, and F are higher magnification micrographs of
cortex from A, B, and C, respectively . In A, B, and C, the upper stained portion of each section consisted of renal cortex, whereas
the lower, unstained portions of these sections represented renal medulla . CRBP, RBP, and TTR all localize in the renal cortex
(upper portions of A, B, and C, and specifically in the cells of the proximal convoluted tubules (D, E, and F) . A very light staining
for CRBP was also observed in the proximal straight tubules (st in A) . With this one exception, the renal medulla did not stain for
any of these antigens . Some proximal convoluted tubules were negative for TTR (arrows in F) but were strongly positive for RBP
as seen on the adjacent section (E) . Bar, 1,000 ,um . x 16 (A-C). Bar, 100km . x 130 (D-F) .
contain numerous small lipid droplets . When large doses of
vitaminA are given to experimental animals, thenumber and
size of these lipid droplets increase considerably, and the fat-
storing cells become larger and more prominent histologically
(31, 32) . Vitamin A, mainly in the form of retinyl esters (37
38), has been localized in the lipid droplets of the fat-storing
cells by fluorescence microscopy (31, 32), by electron micro-
scope radioautography (39), and directly by isolation and
analysis ofthe fat-storing cells (37) or their lipid granules (38) .
Recently, evidence was reported in normal rats forthe transfer
of retinol from parenchymal to nonparenchymal cells, after
initial hepatic uptake (40) . It was suggested (40) that the
nonparenchymal cells involved in this transfer and storage
process might be the fat-storing cells . In addition to their role
in hypervitaminosis A, these cells may play a significant role
in vitamin A storage under normal conditions (31, 37, 40) .
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The present finding that CRBP is strongly localized in
hepatic fat-storing cells suggests that CRBP may play an
important role in the metabolism of vitamin A (retinol) in
these cells . The biological role thatCRBP plays within cells is
not known . It has been suggested thatCRBP may be involved
in the biological expression ofretinol activity (e.g ., analogous
to steroid hormone receptors) within the cell (10-12) . Another
possibility is that CRBP serves in the cell as an intracellular
transport protein, acting to transport retinol from one locus
to another between metabolic events and processes. CRBP in
the fat-storing cell may be involved in the uptake of retinol
into the cell, in facilitating its storage, or in the mobilization
of retinol (back to the parenchymal cell, for secretion as the
retinol-RBP complex) from the cell . Data are needed about
these and other possibilities .
The kidneys play an important role in the normal catabo-FIGURE 6
￿
Localization of immunoreactive CRBP (A), RBP (ß), and TTR (C) in sequential sections (A-C) of kidney from a vitamin
A deficient rat . As in the normal rat (Fig. 5) all three proteins are localized in the proximal convoluted tubules of the renal cortex
(see text for further discussion) . Note the absence of immune staining for TTR in the initial portion of the proximal convoluted
tubule (arrow in c) . Bars, 100Am . x 130 .
lism ofRBP. RBP itself(not as a complex with TTR) is small
enough to be filtered readily by the renal glomeruli, whereas
TTR and the TTR-RBP complex are not. Formation of the
RBP-TTR complex serves to protect RBP by preventing its
glomerular filtration and subsequent renal catabolism (1, 6) .
Although very little RBP in plasma is normally present in the
free state, its glomerular filtration and renal metabolism are
sufficiently large to constitute the major catabolic route for
RBP. Normally, very littleRBP appears in the urine, as nearly
all ofthe filteredRBP is reabsorbed and degraded by the renal
tubules (6, 41) .
The results reported here, showing localization ofRBP in
the proximal convoluted tubules of the renal cortex, are
consistent with this formulation . The data confirm and extend
those recently reported in studies of the localization of RBP
in human kidney tissue (18) . An earlier report (19) that both
RBP andTTR were found in glomerular capillaries ofhuman
kidneys, probably reflected the use of postmortem kidney
slices and unpurified antibodies in that study . RBP in the
proximal tubular cells presumably represents RBP that had
undergone glomerular filtration and tubular reabsorption.
This conclusion is supported by the finding (Fig. 6) that
markedly reduced specific staining for RBP was seen in kid-
neys from vitamin A-deficient, compared with normal, rats.
Because retinol-deficient rats have low plasma levels of RBP,
the amounts of RBP filtered and reabsorbed in the kidneys
should be reduced . Previous radioimmunoassay studies have
shown that renal levels of RBP are greatly decreased in
vitamin A deficient rats, and that most of the RBP in kidney
homogenates is recovered in the soluble, supernatant fraction
(13).
TTR was also found localized in the proximal convoluted
tubules ofthe renal cortex . This finding is difficult to interpret
in physiological terms.The kidneys do not appear to play a
significant role in TTR catabolism (6, 7), and the tissue sites
ofTTR degradation in the body are not known . TTR, unlike
RBP, was not found localized in the earliest, initial portion
of the tubule, adjacent to the glomerulus . This observation
suggests that at least part of the TTR in the tubular cells may
not have arrived there via glomerular filtration and tubular
reabsorption . TTR levels in the kidney are not affected by
retinol deficiency (14), and the intensity and distribution of
TTR staining was not affected in the present study by vitamin
A deficiency.
Radioimmunoassay studies have shown that kidneys con-
tain relatively high levels ofCRBP (15, 16) . No information
has, however, been available as to where, within the kidney,
thisCRBP might reside . The present studies demonstrate that
CRBP is localized mainly in the proximal convoluted tubules
of the renal cortex . Moreover, the pattern of specific staining
forCRBP among the various tubules was very similar to that
seen for RBP on adjacent, serial sections of kidney .
The function that CRBP plays within the kidney is not
known . The present observation, of similar patterns oftubular
localization for CRBP and RBP, suggests that there may have
been some relationship betweenCRBP in the tubular cell and
the tubular reabsorption and catabolism ofRBP. One possi-
bility is that the CRBP may serve to bind and conserve some
of the retinol that is filtered and reabsorbed as the retinol-
RBP complex . It has been suggested that quantitatively sig-
nificant recycling and reutilization of retinol may occur in
the animal body (42, 43). Turnover rate considerations sup-
port this conclusion . Thus, the total body turnover rate of
RBP in humans has been estimated at -5 mg/kg/d, equiva-
lent to -16-17 gmol per day for a 70 kgman (44). This value
is at least double the estimated average intake (in molarterms)
of vitamin A in well-nourished adults in Western countries.
If we assume that well-nourished adults are in a steady-state
with regard to vitamin A nutriture, these estimates suggest
that a significant portion of the retinol that is transported by
RBP may be reutilized in the body . It is possible that CRBP
in the tubular cell plays a role in this reutilization process . No
data are available concerning this or other possible functions
ofCRBP within the kidney .
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